Introduction
============

With the focus in chemistry gradually shifting from the synthesis of structure to the synthesis of function,[@cit1] interest in dynamic systems like artificial molecular motors has increased sharply over the last two decades.[@cit2]--[@cit12] New designs for rotary molecular motors have been introduced[@cit13],[@cit14] and various ways to control their speed of rotation described.[@cit15]--[@cit21] Moreover, this class of molecular motors has been used to exert spatio-temporal control over properties of materials[@cit22]--[@cit24] and, most recently, our group described assembly into an artificial muscle-type actuator responsive to light and heat.[@cit25]

However, these applications depend on the use of high-energy UV-light to drive the rotation of the employed motors, limiting their potential, especially with regard to use in soft materials and biological settings. Recently, efforts have been made to drive motor rotation using benign visible light by either using triplet--triplet energy transfer from an attached dye as an alternative mechanisms of excitation,[@cit26] complexation of Ru^II^ to a bipyridine derived motor[@cit17] or red-shifting the absorption of the molecular motor core. The latter has been achieved by introduction of electron-donating and -withdrawing substituents to create an electronic push--pull system across the stator ([Fig. 1A](#fig1){ref-type="fig"})[@cit27] or enlarging the π-system of the stator ([Fig. 1B](#fig1){ref-type="fig"}).[@cit28] However, both systems suffer from drawbacks in the form of a modest red-shift and low quantum yields, respectively. In 2015, Dube and co-workers described a novel hemithioindigo motor responsive up to 505 nm (*E*-isomer, [Fig. 1C](#fig1){ref-type="fig"}).[@cit29]--[@cit31] A related photon-only molecular motor was disclosed in 2018.[@cit32]

![Summary of approaches for the preparation of molecular motors with red-shifted absorption maxima. Wavelengths refer to the low-energy onsets of absorption.](c9sc02150g-f1){#fig1}

However, in view of future applications it is evident that there is a major need for distinct rotary motors which are able to perform full 360° rotations using low-energy light. We further explored the use of push--pull systems to achieve enhanced red-shifting of the absorption maximum by installing substituents in the stator and rotor halves, in conjugation with the central double-bond serving as the axle of the motor ([Fig. 1D](#fig1){ref-type="fig"}). This design was expected to have a significantly greater impact than the previous attempts ([Fig. 1A and B](#fig1){ref-type="fig"}) of manipulating the electronic structure of a classic 2^nd^ generation molecular motor.

Here the synthesis and properties of three novel motors efficiently driven by visible light as well as their properties as dopants for liquid crystals are presented.

Results and discussion
======================

Initial TD-DFT (CAM-B3LYP, 6-311G++(d,p)) calculations in Gaussian 16[@cit33] showed a significant effect on the absorption maximum (*λ*~max~), when placing CN-groups conjugated to the central alkene on the rotor or stator of a 2^nd^ generation molecular motor. This was further increased upon introducing OMe substituents in the respective other half, thereby creating the desired push--pull effect across the alkene axle. The compounds had a predicted HOMO--LUMO gap corresponding to light of a wavelength \>410 nm, a significant increase compared to the unsubstituted parent compound ([Fig. 2](#fig2){ref-type="fig"}).[@cit18] The electron density distributions in the Frontier orbitals, furthermore, closely resemble those of the parent motor with HOMO and LUMO being bonding and antibonding, respectively, regarding the central alkene, indicating that single-electron photoexcitation should lead to the desired *E*/*Z*-isomerization.[@cit28]

![Structures and calculated (TD-DFT, CAM-B3LYP, 6-311G++(d,p)) Frontier orbitals of 2^nd^ generation molecular motors **1~s~** (A) and **2~s~** (B).](c9sc02150g-f2){#fig2}

OMe substituents were chosen as they can serve as handles for subsequent introduction of more complex substituents, granting the motors additional properties (*e.g.* surface attachment, metal binding). They have also previously been shown to be compatible with the conditions during synthesis of molecular motors and to not interfere with the desired mechanical properties.

Synthesis
---------

A general synthetic route including initial preparation of Br- and OMe-substituted stator and rotor halves, subsequent formation of the overcrowded alkene *via* diazo-thioketone coupling (Barton--Kellogg) and final Pd-catalysed cyanation was designed ([Scheme 1](#sch1){ref-type="fig"}).

![General synthetic route to CN-substituted 2^nd^ generation molecular motors and pathways for switching as well as unidirectional rotation.](c9sc02150g-s1){#sch1}

In addition to the two push--pull motors **1~s~** and **2~s~** tri-cyano-substituted motor **6~s~** was prepared, in order to compare the effects of push--pull substitution to the extension of the π-system by the CN-groups in **6~s~**.

Following the general route outlined above, motors **1~s~**, **2~s~** and **6~s~** were obtained in 7, 5 and 5 linear steps from commercial compounds in overall yields of 3--10%. Final compounds were characterised by NMR and MS (see ESI[†](#fn1){ref-type="fn"} for details).

UV-vis absorption spectra
-------------------------

Initial UV-vis studies on novel motors **1~s~**, **2~s~** and **6~s~** revealed absorption maxima (*λ*~max~) between 421--453 nm for the respective HOMO--LUMO transitions ([Fig. 3](#fig3){ref-type="fig"}). Introduction of three CN-group in **6~s~** (*λ*~max~ = 421 nm) led to a redshift comparable to push--pull motor **1~s~** (*λ*~max~ = 422 nm), whereas *λ*~max~ of **2~s~** was further red-shifted to 453 nm. This constitutes a redshift of \>60 nm compared to the parent compound.[@cit18] The HOMO--LUMO band also tails further towards the red part of the visible spectrum, with the onset being red-shifted by \>80 nm compared to the unsubstituted motor. Irradiation with 420 nm (**1~s~**, **6~s~**) and 455 nm (**2~s~**) light, respectively, led to the appearance of new red-shifted bands, characteristic for the formation of the metastable isomers of fluorene-based 2^nd^ generation molecular motors.[@cit18],[@cit21] Clean isosbestic points were observed for all three compounds during irradiation to the corresponding photo-stationary states (PSS) and subsequent thermal helix inversion (THI) (Fig. S6[†](#fn1){ref-type="fn"}), confirming a selective transition between stable and metastable isomers with lifetimes of involved photo-excited states being negligibly short under these conditions.[@cit34],[@cit35]

![Plain: UV-vis spectra of **1~s~**, **2~s~** and **6~s~** in DCM (*c* = 1.0 × 10^--5^ M, *T* = --10 °C). Dashed: UV-vis spectra after irradiation to PSS with 420 nm (**1~s~**, **6~s~**) and 455 nm (**2~s~**) light, respectively.](c9sc02150g-f3){#fig3}

Characterisation of rotations by ^1^H NMR
-----------------------------------------

The ratios of metastable : stable isomers at PSS were established by ^1^H NMR with *in situ* irradiation, whereby characteristic shifts of signals H~a~, H~b~ and H~c~ were observed upon formation of metastable isomers ([Fig. 4](#fig4){ref-type="fig"} and S12--16[†](#fn1){ref-type="fn"}).

![^1^H NMR spectra of **1** in DCM-*d*~2~ (*c* = 5.0 × 10^--3^ M, *T* = --10 °C) before irradiation (**1~s~**), at PSS and after completed THI.](c9sc02150g-f4){#fig4}

[Table 1](#tab1){ref-type="table"} provides an overview of the ratios of metastable : stable isomers for motors **1**, **2** and **6** at PSS using LEDs with different emission maxima for excitation (see ESI[†](#fn1){ref-type="fn"} for details on LEDs). It is evident that motors **1** and **6** can be driven with light up to 490 nm whereas **2~s~** remains responsive up to 530 nm, the highest value reported to date for an artificial rotary molecular motor operated by direct absorption of incident light.

###### Ratios of metastable : stable isomers of motors **1**, **2** and **6** at different excitation wavelengths (*λ*~exc~) as measured by ^1^H NMR in DCM-*d*~2~ (*c* = 5.0 × 10^--3^ M, *T* = --10 °C, *t*~irr~ = 90 min)

  *λ* ~exc~ \[nm\]   Motor        PSS \[m : s\]
  ------------------ ------------ ---------------
  420                **1**        74 : 26
  **6**              88 : 12      
  455                **1**        50 : 50
  **2**              76 : 24      
  **6**              63 : 37      
  470                **1**        25 : 75
  **2**              63 : 37      
  **6**              34 : 66      
  490                **1**        \<5 : \>95
  **2**              32 : 68      
  **6**              \<5 : \>95   
  505                **2**        24 : 76
  530                **2**        \<5 : \>95

Both motors **1** and **2** show comparable ratios of metastable : stable isomers at PSS, when irradiated close to their respective *λ*~max,s~ (420 nm for **1~s~**, 455 nm for **2~s~**). Given the considerable difference between the ratios of molar absorption coefficients (*ε*) of stable and metastable isomers of the two motors at these wavelengths (Table S8[†](#fn1){ref-type="fn"}), this also suggests a difference in the ratios of quantum yields for the photochemical forward (stable → metastable) and back-reactions (metastable → stable) (*vide infra*). By contrast, a significantly higher proportion of metastable isomer of 88% is formed upon irradiation of a sample of **6~s~** with 420 nm light. This represents the highest PSS ratio obtained for a 2^nd^ generation molecular motor with a central alkene flanked by two five-membered rings. The higher ratio of *ε* of stable and metastable isomers of **6** at 420 nm (2.21) compared to motors **1** and **2** at 420 nm (2.05) and 455 nm (1.70), respectively, is one of the factors contributing to this property. Generally, at longer wavelengths the ratios of metastable : stable isomers significantly favour the latter due to the increasing difference in *ε*.

Eyring analysis
---------------

Whereas determination of ratios of isomers at PSS provides valuable information regarding the efficiency with which a molecular motor can be operated and its potential utility as a two-state switch, another one of its central properties, speed of rotation, depends on the activation barrier of the rate-determining THI. Eyring analysis was therefore performed to determine the Gibbs energy of activation ![](c9sc02150g-t1.jpg){#ugt1} for THI of **1~m~**, **2~m~** and **6~m~** at 20 °C from which the thermal half-life ![](c9sc02150g-t2.jpg){#ugt2} of these metastable isomers could be calculated ([Table 2](#tab2){ref-type="table"}).

###### Summary of thermodynamic parameters for THI of **1~m~**, **2~m~** and **6~m~** as determined by Eyring analysis as well as calculated Gibbs energies of activation (GS-DFT, B3LYP, 6-311++G(d,p))

             Δ*H*^‡^ \[kJ mol^--1^\]   Δ*S*^‡^ \[J K^--1^ mol^--1^\]   ![](c9sc02150g-t3.jpg){#ugt3} \[kJ mol^--1^\]   ![](c9sc02150g-t4.jpg){#ugt4} \[kJ mol^--1^\]   ![](c9sc02150g-t5.jpg){#ugt5} \[s\]
  ---------- ------------------------- ------------------------------- ----------------------------------------------- ----------------------------------------------- -------------------------------------
  **1~m~**   76.6 ± 0.8                --32.6 ± 3.0                    86.2 ± 0.1                                      86.1                                            258 ± 7
  **2~m~**   83.1 ± 0.9                --27.2 ± 3.1                    91.0 ± 0.1                                      90.9                                            1900 ± 21
  **6~m~**   83.1 ± 0.9                --21.3 ± 3.2                    89.3 ± 0.1                                      89.1                                            934 ± 15

Although experimental Gibbs energies are within 5 kJ mol^--1^ of each other their values could be accurately reproduced by DFT calculation ![](c9sc02150g-t6.jpg){#ugt6} allowing for rationalisation of the observed differences by comparing the optimised structures of the respective metastable isomers and THI transition states (see ESI[†](#fn1){ref-type="fn"}). The calculated geometries for the metastable isomers of all three motors are nearly identical (RMS deviations: 0.002--0.004, Table S4[†](#fn1){ref-type="fn"}),[@cit36],[@cit37] suggesting the differences to arise from deviations in the TS structures. Indeed, the largest elongation of the central alkene upon formation of TS from metastable isomer is required for **2** followed by **6** and **1** mirroring the trend of Δ^‡^*G*°. For motor 1 this can be explained with the observed bending of the OMe-substituted fluorene stator in the TS making it easier for the two halves to slip past each other. In the case of **2~TS~** and **6~TS~**, however, the stator preserves its flat geometry, maintaining maximum overlap of π-orbitals instead.

With the geometries of the motor cores of **2~TS~** and **6~TS~** overlapping almost perfectly (RMS deviation: 0.01, Table S3[†](#fn1){ref-type="fn"}) the observed difference in Δ^‡^*G*° is most likely due to electronic effects as the push--pull substitution pattern facilitates the build-up of partial charges in the stator and rotor halves of **2~m~** (see Table S6[†](#fn1){ref-type="fn"}), which might contribute to its stability. This is in line with **2~m~** being more stabilized than **2~TS~** compared to the corresponding structures of motor **6** taking the energy difference between the stable isomers as reference (Table S1[†](#fn1){ref-type="fn"}).

Quantum yields
--------------

The effects of introducing a push--pull regime across the central alkene on the photoefficiency of these motors was investigated by determining the quantum yields for photoisomerization (*φ*) close to their respective *λ*~max,s~ (420 nm for **1**, 455 nm for **2**). The quantum yields were measured under steady-state conditions compared to decomposition of ferrioxalate as standard (see ESI[†](#fn1){ref-type="fn"}). As can be seen in [Table 3](#tab3){ref-type="table"}, motors **1** and **2** exhibit quantum yields for the forward reaction, *φ*~s→m~, of 11.5 ± 0.2% and 5.84 ± 0.27%, respectively. These are among the highest quantum yields of any artificial rotary molecular motor measured to date and are comparable to a series of related, monosubstituted motors, suggesting that push--pull substitution does not negatively impact photoefficiency.[@cit2],[@cit35]

###### Quantum yields for the forward (*φ*~s→m~) and back-reaction (*φ*~m→s~) of motors **1**, **2** and **6**

  Motor   *φ* ~s→m~ \[%\]   *φ* ~m→s~ \[%\]
  ------- ----------------- -----------------
  **1**   11.5 ± 0.2        7.85 ± 0.17
  **2**   5.84 ± 0.27       3.13 ± 0.14
  **6**   4.93 ± 0.05       1.48 ± 0.02

Quantum yields for the back-reaction, *φ*~m→s~, were calculated to be 7.85 ± 0.17% and 3.13 ± 0.14%, respectively, and therefore significantly lower than those for the forward reaction, in accordance with the excess of metastable isomers at PSS upon irradiation with 420 nm (for **1**) and 455 nm (for **2**), respectively. Motor **2** displays a higher ratio of *φ*~s→m~ : *φ*~m→s~, which helps to explain the almost identical excess of metastable isomer at PSS for **1** (irradiation with 420 nm) and **2** (irradiation with 455 nm) in spite of a larger molar absorption coefficient of **2~m~** relative to **2~s~** at *λ*~max,s~ compared to motor **1**. Interestingly, the quantum yields for the back-reaction in the aforementioned series of structurally related motors had previously been found to be higher than that of the forward reaction.[@cit35] Although this might be an effect of the push--pull substitution pattern of **1** and **2**, *φ*~s→m~ and *φ*~m→s~ for **6** at 420 nm were found to be 4.93 ± 0.05% and 1.48 ± 0.02%, respectively, showing that this reversal in photoefficiency can also be achieved by installing three CN-groups in conjugation with the central alkene. Compound **6** therefore also possesses the highest ratio of *φ*~s→m~ : *φ*~m→s~ which, together with the significantly higher molar absorption coefficient of **6~s~** at *λ*~max,s~ compared to **6~m~** (*vide supra*), helps to explain the high PSS ratio compared to structurally related motors. The measured quantum yields for the forward reaction, especially in the case of **1**, also compare favourably to the maximum quantum yield of *ca.* 20--30% calculated for the photochemical *E*/*Z* isomerisation of overcrowded alkenes by non-adiabatic molecular dynamics simulations.[@cit38]

Fatigue studies
---------------

As stated before, the main reasons for red-shifting the absorption spectrum of artificial molecular motors are the advantages visible light provides over UV light regarding applications in biology and materials science. However, in order for compounds to be suitable for these applications it is necessary for them to show excellent (photo)stability to avoid premature fatigue. Therefore, solutions of **1~s~**, **2~s~** and **6~s~** in DCM were irradiated to PSS ten times using LEDs of 420 nm (**1~s~**, **6~s~**) and 455 nm (**2~s~**), respectively. After each irradiation as well as subsequent THI UV-vis absorption spectra were recorded. [Fig. 5](#fig5){ref-type="fig"} and S11 display plots of the absorbances measured at 420 nm (**1~s~**, **6~s~**) and 455 nm (**2~s~**), respectively.

![Fatigue study on motor **1**. Conditions: DCM, 1.0 × 10^--5^ M, 25 °C, 420 nm LED.](c9sc02150g-f5){#fig5}

This revealed the three novel motors to possess outstanding (photo)stability under these conditions, as no significant change in absorption was found during these studies, making them promising candidates for the development of novel light and heat responsive materials.

Use as liquid crystal dopants
-----------------------------

In 2002, our group for the first time reported the use of enantiomerically pure artificial rotary molecular motors as chiral dopants to obtain photo-responsive cholesteric liquid crystals, demonstrating their ability to alter the reflected wavelength upon generation of the metastable isomer *in situ* in the liquid crystal material.[@cit39] However, the UV light used in the original as well as follow-up studies remains one of the major limitations of this technology.[@cit24],[@cit40]--[@cit42] For this reason, we decided to study the efficacy of our novel visible light responsive push--pull motors **1~s~** and **2~s~** as switchable chiral dopants to obtain cholesteric E7 liquid crystals. [Table 4](#tab4){ref-type="table"} gives an overview of the measured helical twisting powers (*β*) for enantiomerically pure stable isomers and PSS mixtures of motors **1** (*λ*~exc~ = 420 nm) and **2** (*λ*~exc~ = 455 nm).

###### Helical twisting powers (*β*) of enantiomerically pure stable isomers as well as PSS mixtures of motors **1** (*λ*~exc~ = 420 nm) and **2** (*λ*~exc~ = 455 nm) used as dopants (*ca.* 1 wt%) in E7 liquid crystals

                                                    **1**     **2**
  ------------------------------------------------- --------- ---------
  *β* ~s~ ((*P*)-(*R*)/(*M*)-(*S*)) \[μm^--1^\]     12/--12   9/--9
  *β* ~PSS~ ((*P*)-(*R*)/(*M*)-(*S*)) \[μm^--1^\]   --10/10   --6/6
  Δ*β* ((*P*)-(*R*)/(*M*)-(*S*)) \[μm^--1^\]        22/--22   15/--15

The obtained values of ±12 μm^--1^ and ±9 μm^--1^ for **1~s~** and **2~s~** as well as ±10 μm^--1^ and ±6 μm^--1^ for the corresponding PSS mixtures, respectively, are lower than those of the unsubstituted parent motor.[@cit43] However, as reversal of the sign of the cholesteric helicity is found in the PSS mixtures compared to the stable isomers, values for Δ*β* of ±22 and ±15 were obtained upon photoswitching. This inversion of sign also indicates that it is helical chirality and not point chirality that dominates the induction of the pitch of E7 liquid crystals. However, with DFT structures of both stable and metastable isomers of motors **1** and **2** overlapping almost perfectly (see ESI[†](#fn1){ref-type="fn"}) it seems that in this case the strength of interaction between liquid crystal and dopant rather than a dopant\'s more or less pronounced helical structure is crucial for achieving high values for *β*. This is supported by the fact that, in the case of these motors, molar ellipticities (*θ*~M~) at characteristic wavelengths are of similar magnitude (see ESI[†](#fn1){ref-type="fn"}) and show no clear trend or correlation with *β*, as far as we know. This study also represents the first time visible light switchable motors have been successfully employed to alter the pitch of a cholesteric E7 liquid crystal.

Conclusions
===========

We have demonstrated that the use of push--pull systems holds great potential for the development of a range of tailor-made light-driven molecular motors for specific applications. With the present design we have successfully overcome the need for high energy UV light to power artificial rotary systems, while keeping with the versatile design of 2^nd^ generation molecular motors and without employing additional dyes or sensitizers. Most remarkably, **2~s~** is responsive to light up to 530 nm, an unprecedented redshift for an artificial rotary molecular motor. In the case of motor **6**, the high ratio of metastable : stable isomers at PSS, especially at *λ*~max,s~, demonstrates the possibility to tune this parameter by judicious choice of substituents. The straightforward synthesis as well as high quantum yields and excellent (photo)stability of these compounds make them promising targets for further investigation and application in smart materials.
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